Background {#Sec1}
==========

Neuroblastoma (NB) is a solid carcinoma of the developing sympathetic nervous system \[[@CR1], [@CR2]\]. It frequently metastasizes to bone with a mortality rate above 93% \[[@CR3]\]. It commonly arises in young children and accounts for 15% of all childhood cancer-related deaths \[[@CR4], [@CR5]\]. Despite remarkable progress in therapeutic strategies, the prognosis of NB is still poor.

Accumulating evidence suggests that a series of tumor-suppressor genes and oncogenes are closely associated with the pathogenesis and development of NB \[[@CR6], [@CR7]\]. Identification and characterization of biomarker candidates in NB may provide critical clues for the development of therapeutic approaches.

Protein kinase pathways are considered to regulate a wide range of cellular physiological processes, including metabolism, cell division and cell death \[[@CR8], [@CR9]\]. The CDK family (including CDK1 through CDK20) is a group of serine--threonine kinases that could modulate G1/S and G2/M cell cycle checkpoints by forming active CDK--cyclin complexes \[[@CR10], [@CR11]\]. For example, CDC2 (CDK1) cooperates with cyclin A to mediate G2/M transition and with cyclin B to stimulate mitosis in mammalian cells \[[@CR12]\]. Based on their biochemical and genetic structures, cyclin-dependent kinase-like 1--3 (CDKL1--3), CDK10 and PCTAIRE are considered to be CDC2-related kinase family members \[[@CR13]\]. CDKL1, which is also a member of the CDKL kinase family, has the conserved MAP kinase Thr-Xaa-Tyr (Thr-Asp-Tyr) dual phosphorylation motif \[[@CR14]\].

The transition of CDKL1 is distributed in various organs including the brain, lungs, kidneys and ovaries \[[@CR14]\]. Hsu et al. \[[@CR15]\] identified zebrafish CDKL1 and showed that knockdown of CDKL1 decreased neuogenin-1 expression and lead to abnormal development of the brain. Recent studies further demonstrated that CDKL1 is associated with the development and progression of malignant tumors, including gastric cancer \[[@CR16]\], breast cancer \[[@CR17]\], melanoma \[[@CR18]\] and colorectal cancer \[[@CR19]\]. CDKL1 is highly expressed in gastric cancer tissues and its disruption reduces cell viability and induces apoptosis in gastric cancer cells \[[@CR16]\]. Furthermore, RNAi-mediated knockdown of CDKL1 suppressed cell growth and metastasis, promoted cell death and caused G1 phase arrest in human melanoma cells \[[@CR18]\].

Interestingly, the fetal form of CDKL1 has been shown to exist in cultured astrocytes and neuroblastoma cells \[[@CR20]\]. Moreover, an earlier study found that rat neuroblastoma cells exhibit elevated CDKL1 expression \[[@CR20]\]. However, the biological function of CDKL1 in NB remains largely unknown.

In this study, we observed overexpression of CDKL1 in NB tissues as compared with adjacent tissues. Our in vitro experiments indicate that downregulation of CDKL1 attenuated growth and invasion, and induced cell cycle arrest and apoptosis in NB SH-SY5Y cells. These results indicate that CDKL1 functions as an oncogene in NB. Our investigation may provide critical starting points for novel therapeutic interventions.

Materials and methods {#Sec2}
=====================

Clinical specimens {#Sec3}
------------------

Samples of NB tissue and corresponding adjacent normal nerve tissue were obtained from 8 patients attending the Eye Hospital of the China Academy of Chinese Medical Sciences in Beijing. All the clinical specimens were frozen immediately after surgery and stored at − 80 °C for real-time PCR and western blotting analysis. All patients provided written consent.

Cell lines and transfection {#Sec4}
---------------------------

Human NB cell lines, including SH-SY5Y, LAN5 and SH-EP, were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 10% fetal bovine serum (FBS, Invitrogen). Human nerve cell line U343 was cultured in Ham F10/DMEM (1:1, Sigma) medium supplemented with 15% FBS (GIBCO). All cells were maintained in a humidified atmosphere containing 5% CO~2~ at 37 °C.

To downregulate the expression of CDKL1, a small interfering RNA (siRNA) target sequence (5′-CTACTGTGATACCAAGAAA-3′) for the CDKL1 gene (NM_004196) was designed and constructed. The non-sense sequence (5′-TTCTCCGAACGTGTCACGT-3′) was designed and used as the negative control (NC). These siRNA constructs were then cloned into the GV115 plasmid vector (GeneChem), which contains the green fluorescent protein (GFP) gene as a reporter. Next, lentivirus particles were constructed by transfecting the siRNA plasmid into HEK293 cells. For cell transfection, we added lentivirus particles expressing CDKL1-siRNA (siCDKL1) or NC to 6-well plates containing SH-SY5Y cells grown to confluence of 1 × 10^4^ cells per well. The multiplicity of infection (MOI) was 20. After 48 h transfection, the transfection efficiency was detected in stably transfected GFP-expressing cells using fluorescence microscopy (Olympus).

Real-time PCR {#Sec5}
-------------

Total RNA was isolated from tissues or cells using Trizol reagent (Invitrogen) and reverse transcribed to cDNA using PrimeScript RT Master Mix (Perfect Real Time, Takara) according to the manufacturers' protocols. The cDNA was amplified via real-time PCR using a Thermal Cycle Dice Real Time System TP800 (Takara). The following primers were used:CDKL1 forward: 5′-CGAATGCTCAAGCAACTCAAGC-3′, CDKL1 reverse: 5′-GCCAAGTTATGCTCTTCACGAG-3′β-actin forward: 5′-TCAGGTCATCACTATCGGCAAT-3′, β-actin reverse: 5′-AAAGAAAGGGTGTAAAACGCA-3′

The expression of CDKL1 mRNA was normalized to β-actin and calculated using the 2^-ΔΔCt^ method. All samples were prepared in triplicate and analyzed three times.

Western blotting {#Sec6}
----------------

Total protein lysates were extracted from tissues or cells by lysing in cell lysis buffer (Sigma-Aldrich). The protein concentration in the lysates was quantified using a BCA protein assay kit (Thermo Scientific). Equal amounts of proteins were then separated via SDS-PAGE, followed by transfer to PVDF membrane (Millipore). After blocking with 5% skim milk, the membrane was incubated with primary antibodies against CDKL1 (1:1000, Abcam, UK), CDK4 (1:1000, Proteintech, USA), cyclin D1 (1:1000, Proteintech, USA), caspase-3 (1:1000, Proteintech, USA), PARP (1:1000, Cell signaling, USA), E-cadherin (1:1000, Proteintech, USA), vimentin (1:1000, Cell signaling, USA) or anti-GAPDH (1:5000, Proteintech, USA), followed by incubation with horseradish peroxidase-conjugated secondary antibody (1:10000, China). The immunoreactive bands were visualized using an enhanced chemiluminescence kit (Thermo Fisher).

MTT assay {#Sec7}
---------

Transfected cells were plated in 96-well plates at a density of 2000 cells/well and the plates were incubated in 5% CO~2~ at 37 °C. The cell viability was determined via MTT assay after 24 and 48 h. Briefly, 100 μl MTT (0.5 mg/ml, Sigma-Aldrich) was added into each well and incubated for 4 h. The supernatant was absorbed and 150 μl DMSO was added to each well to dissolve the formazan crystals. The optical density (OD) value of each well was measured at a wavelength of 595 nm with a microplate reader (ThermoFisher).

Colony formation assay {#Sec8}
----------------------

Transfected cells were resuspended in medium and seeded in 6-well plates at a density of 800 cells per well. After 10 days of culture, the cells were fixed with paraformaldehyde (Sangon Biotech) for 15 min and stained with 0.1% crystal violet (BioSharp) for 20 min. The colonies (\> 50 cells per colony) were photographed and counted.

Flow cytometry analysis {#Sec9}
-----------------------

After transfection, the cells were collected, washed with PBS and seeded in 8-cm sterilized culture dishes for 12 h. Then the cells were fixed with 70% ethanol for 2 h and stained with 5 mg/ml propidium iodide (PI; BD Biosciences). After incubation for 15 min in the dark at room temperature, stained cells were analyzed for DNA content using FACSCalibur flow cytometry (BD Biosciences). For cell apoptosis analysis, the cells were stained with an Annexin V--APC/7-AAD Apoptosis Detection kit (KeyGEN) according to the manufacturer's instructions. Early apoptotic (annexin V+/7-AAD-) and late apoptotic (annexin V+/7-AAD+) cells were analyzed and quantitated using FACSCalibur flow cytometry (BD Biosciences).

Wound-healing assay {#Sec10}
-------------------

Approximately 1 × 10^6^ cells were cultivated in 6-well culture plates (Corning Inc.) and grown to 90% confluence overnight. Subsequently, a line was scratched with a 200 μl pipette tip (time 0) and cells were incubated with serum-free medium for the next 48 h. After washing with PBS, the migrating cells were photographed at 0 and 48 h. The migration distance was calculated during closure of the wounded region.

Trans-well invasion assay {#Sec11}
-------------------------

For the transwell invasion assay, about 1 × 10^5^ cells/ml transfected cells were seeded in the upper chamber with Matrigel Basement Membrane Matrix in serum-free DMEM medium at 37 °C for 24 h. Then, 500 μl DMEM medium containing 10% FBS was added to the lower chamber. The invasive cells, present on the underside of the upper chamber, were then fixed with 4% paraformaldehyde and stained with 2% crystal violet. Stained cells were photographed under a light microscope. Each sample was prepared in triplicate and analyzed three times.

Statistical analysis {#Sec12}
--------------------

Quantitative data were representative of three sets of independent experiments performed in triplicate for each group. The experimental data are expressed as means ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism software. Student's t test was used to evaluate the difference between two groups and the level of significance was set at *p* \< 0.05.

Results {#Sec13}
=======

CDKL1 was upregulated in NB tissues {#Sec14}
-----------------------------------

To investigate the role of CDKL1 in NB, real-time PCR was used to detect CDKL1 expression in eight paired samples of NB and normal tissues (Fig. [1](#Fig1){ref-type="fig"}a). The results showed that CDKL1 mRNA was significantly upregulated in NB tissue (*P* = 0.008). The expression of CDKL1 protein was confirmed using western blotting (Fig. [1](#Fig1){ref-type="fig"}b). Consistently, clearly increased levels of CDKL1 expression were detected in all the NB tissues in comparison to the paired normal nerve tissues.Fig. 1CDKL1 is upregulated in NB tissues. **a** Real-time PCR analysis of CDKL1 expression in human NB tissues. **b** Western blotting analysis of CDKL1 expression in human NB tissues. Data are presented as means ± SD. β-actin and GAPDH were used as the internal control. T indicates NB tissues, N indicates normal nerve tissues

Knockdown efficiency of CDKL1 in human NB cells {#Sec15}
-----------------------------------------------

We further determined the expression of CDKL1 in several NB cell lines using western blotting. As shown in Fig. [2](#Fig2){ref-type="fig"}a, CDKL1 expression also increased in the NB cell lines, including LAN5, SH-EP and SH-SY5Y, compared with the normal nerve cell line, U343. This indicates that CDKL1 overexpression might be required for NB progression.Fig. 2The efficiency of CDKL1 using an siRNA lentivirus. **a** Western blotting analysis of the CDKL1 expression in human NB cell lines. **b** Lentivirus infection in the SH-SY5Y cell line. Bright and fluorescent photomicrographs of SH-SY5Y cells were taken 48 h after lentivirus infection. **c** and **d** Real-time PCR and western blotting were used to determine the CDKL1 expression in SH-SY5Y cells infected with siCDKL1 or the negative control (NC) siRNA lentivirus. Data are presented as means ± SD. \*\**p* \< 0.01 vs. NC

SH-SY5Y, which expressed the highest CDKL1, was chosen for transfection with siCDKL1 or non-silencing siRNA lentivirus (NC) to elucidate the biological function of CDKL1 in NB. As shown in Fig. [2](#Fig2){ref-type="fig"}b, more than 80% of GFP-expressing cells were observed under the fluorescence microscope, suggesting higher infection efficiency. The real-time PCR (Fig. [2](#Fig2){ref-type="fig"}c) and western blot analyses (Fig. [2](#Fig2){ref-type="fig"}d) revealed that both CDKL1 mRNA and protein expression were obviously downregulated in SH-SY5Y cells infected with siCDKL1 compared with cells infected with NC.

CDKL1 knockdown affected NB cell proliferation, cell cycle distribution and apoptosis {#Sec16}
-------------------------------------------------------------------------------------

To determine the effect of CDKL1 knockdown on cell proliferation in vitro, a cell viability assay was performed on SH-SY5Y cells using the MTT method. The results showed that cell viability in the siCDKL1 group was lower than that in the NC groups (Fig. [3](#Fig3){ref-type="fig"}a). A colony formation assay further confirmed that the colony formation ability of cells with CDKL1 silencing was significantly reduced when compared with the NC groups (Fig. [3](#Fig3){ref-type="fig"}b), suggesting that CDKL1 knockdown results in the inhibition of NB cell proliferation.Fig. 3The effect of CDKL1 knockdown on the proliferation, cell cycle distribution and apoptosis of NB cells in vitro. **a** Analysis of cell viability of siCDKL1-transfected cells based on the MTT assay. **b** Photomicrographs and statistical analyses of colonies of SH-SY5Y cells after transfection with siCDKL1 or NC. **c** The effect of CDKL1 knockdown on the cell cycle profile of SH-SY5Y cells by FACS. The percentage of cells in G0/G1, S and G2/M phases are shown. **d** Lentivirus-infected SH-SY5Y cells were analyzed using flow cytometry analysis for positive annexin V--APC and 7-AAD staining . Data are presented as means ± SD. \*\**p* \< 0.01, *\*\*\*p* \< 0.001 vs. NC

As CDKL1 is related to CDKs, we examined the effect of CDKL1 knockdown on cell cycle regulation using flow cytometry. As shown in Fig. [3](#Fig3){ref-type="fig"}c, there was an increase in the proportion of cells in the G0/G1 phase (55.18 ± 1.14 vs. 46.06 ± 0.78%, *p* \< 0.001) in the siCDKL1 group, which also displayed fewer cells in S phase (19.38 ± 1.05 vs. 26.85 ± 0.94%, p \< 0.001) compared with the NC group.

We also evaluated the rate of apoptosis, aiming to investigate the effects of CDKL1 knockdown on the cell death of SH-SY5Y cells. As depicted in Fig. [3D](#Fig3){ref-type="fig"}, downregulation of CDKL1 significantly elevated the early apoptotic rate from 4.49% ± 0.21 to 8.49% ± 0.17% and the late apoptotic rate from 4.51% ± 0.31 to 6.48% ± 0.54% (*p* \< 0.01). These data demonstrate that suppression of cell proliferation might be caused by cell cycle arrest and apoptosis induced by CDKL1 knockdown in NB cells.

CDKL1 knockdown affected NB cell migration and invasion ability {#Sec17}
---------------------------------------------------------------

We subsequently investigated the effect of CDKL1 knockdown on cell migration and invasion. The wound healing assay results showed that SH-SY5Y cells transfected with siCDKL1 had a lower scratch closure rate (migration suppression) than that for control cells (Fig. [4](#Fig4){ref-type="fig"}a, p \< 0.01).Fig. 4The effect of CDKL1 knockdown on cell migration and invasion of NB cells in vitro. **a** Wound-healing assays were performed to investigate the migratory ability of SH-SY5Y cells. **b** Representative images are shown for siCDKL1-transfected SH-SY5Y cells in a transwell assay. The invasion was quantified by counting the cells in 3 random microscopic fields. Data are presented as means ± SD. \*\**P* \< 0.01, *\*\*\*P* \< 0.001 vs. NC

We then observed NB cell invasion through transwell matrigel. As shown in Fig. [4](#Fig4){ref-type="fig"}b, reduced CDKL1 expression levels significantly hindered the invasion of SH-SY5Y cells compared with controls (*p* \< 0.001). These findings demonstrate that CDKL1 might be closely associated with the migration and invasion of NB cells.

Molecular targets of CDKL1 in NB cells {#Sec18}
--------------------------------------

To gain insights into the molecular mechanisms of CDKL1 knockdown on the regulation of the cell cycle, apoptosis and invasion, western blot analysis was performed on SH-SY5Y cells. As shown in Fig. [5](#Fig5){ref-type="fig"}, knockdown of CDKL1 inhibited the expressions of CDK4 and cyclin D1, which are cell cycle G1/S phase regulators. Moreover, caspase-3 and PARP, which have pro-apoptosis effects, were significantly upregulated in siCDKL1-transfected cells compared with the levels in NC transfected cells. Downregulation of CDKL1 enhanced E-cadherin expression, but reduced vimentin expression. These findings suggest that CDKL1 might function as a tumor gene by regulating the expression of important genes involved in the pathways regulating the cell cycle, apoptosis and invasion.Fig. 5Effect of CDKL1 knockdown on the regulation of cell cycle, apoptotic and invasion in SH-SY5Y cells, as confirmed using western blot analysis. GAPDH was used as the internal control. Data are presented as means ± SD. \*\**p* \< 0.01, *\*\*\*p* \< 0.001 vs. NC

Discussion {#Sec19}
==========

CDKL1 is a serine--threonine protein kinase that belongs to the family of CDC2-related protein kinases \[[@CR18], [@CR21]\]. It was recently identified as an important regulator of proliferation and invasion in gastric cancer \[[@CR16]\], melanoma \[[@CR18]\], breast cancer \[[@CR17]\] and colorectal cancer \[[@CR19]\].

To determine the physiological role of CDKL1 in NB, we analyzed the CDKL1 mRNA transcripts in NB fresh biopsy tissues and adjacent tissues. CDKL1 mRNA was more abundant in NB tissues, indicating its tumor promoter role in NB, which was consistent with all the above tumor types. We further found evidence that knockdown of CDKL1 inhibited proliferation, migration and invasion, as well as G0/G1 arrest and apoptosis. These results indicate that CDKL1 might play an important role in the occurrence and development of NB.

Recent studies confirmed that knockdown of CDKL1 lead to a blockage of cell growth and arrest of G0/G1 phase in colorectal cancer \[[@CR19]\] and melanoma cells \[[@CR18]\]. By contrast, CDKL1 is associated with G2/M phase cell cycle arrest in breast cancer \[[@CR17]\]. In our study, there was a significant increase in the G0/G1 fraction and accompanying decrease in the S fraction.

This suggests that CDKL1 may exert various functions in cell cycle progression possibly based on the tumor type. As is known to all, tumor initiation and progression are associated with cell cycle defects, which are regulated by CDK--cyclin complexes \[[@CR22]\]. In mammalian cells mitogens impact development by triggering three D-type cyclins (D1, D2, and D3) which function coordinately with CDKs (CDK4 or CDK6) to promote cell cycle transition from G1 to S \[[@CR23]\]. In our study, a significant reduction in CDK4 and cyclin D1 protein levels was observed in the CDKL1 knockdown group compared with the control group. We thus concluded that downregulation of CDKL1 is involved in the blockage of G0-G1/S transition of NB cells caused by altered expression of CDK4 and cyclin D1.

Apoptosis is critical for successful organism development and the maintenance of tissue homeostasis \[[@CR24]\]. It is clear that genetic alteration of the oncogene could destroy the process of apoptosis and affect tumorigenesis and development \[[@CR22]\]. Increasing evidence shows that disruption of CDKL1 is implicated in cancer cell apoptosis, including gastric cancer \[[@CR16]\] and melanoma \[[@CR18]\]. Sun et al. \[[@CR16]\] revealed that downregulation of CDKL1 triggers activation of pro-apoptotic protein BIK (BCL2-interacting killer). Fuchs et al. \[[@CR25]\] found that knockdown of CDKL5 was implicated in promoting the cell death of post-mitotic granule neurons though alteration of the AKT/GSK-3β pathway. Caspase-3 is clearly a critical proteolytic enzyme that act as a key effector in apoptosis. It rapidly undergoes enzymatic cleavage and thus activation when triggered by the apoptotic cascade \[[@CR26], [@CR27]\].

Here, we observed that knockdown of CDKL1 promoted apoptosis and elevated the levels of the pro-apoptotic factor caspase-3 in SH-SY5Y cells. The profiles of the cleaved PARP, a well-known substrate of caspase-3 and a good marker for apoptosis \[[@CR28], [@CR29]\], were also upregulated after knockdown of CDKL1. Therefore, we suggest that depletion of CDKL1 induced the apoptotic cascade in SH-SY5Y cells, and this resulted in apoptosis.

Accumulating evidence indicates that there is a close relationship between CDKL1 and metastasis in a variety of tumors. For instance, knockdown of CDKL1 significantly suppressed cell migration and invasion in colorectal cancer \[[@CR19]\] and breast cancer \[[@CR17]\]. As the hallmark of epithelial--mesenchymal transition, the downregulation of E-cadherin is a leading event in the progression of various tumors into the metastatic cascade \[[@CR30], [@CR31]\]. Vimentin, an intermediate filament of epithelial--mesenchymal transition, has been shown to facilitate mesenchymal cell migration \[[@CR32]\]. In this study, we found that CDKL1 knockdown significantly upregulated E-cadherin expression but downregulated vimentin expression in NB cells. This might be the main cause of the suppressive effects of CDKL1 knockdown on cell migration and invasion.

Certain limitations of this study must be assessed in further research. These include experiments with CDKL1 overexpression and in vivo animal experiments.

Conclusions {#Sec20}
===========

Our results show that CDKL1 silencing reduced the proliferation, colony formation, migration and invasion of NB SH-SY5Y cells. Our study proves that elevated CDKL1 expression might contribute to NB progression. The underlying mechanisms of CDKL1 activity might be a potential target for therapeutic intervention.
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